Analysis of the transcriptome of the kleptoplastic sea slug, Elysia chlorotica, has revealed the presence of at least 101 chloroplast-encoded gene sequences and 111 transcripts matching 52 nuclear-encoded genes from the chloroplast donor, Vaucheria litorea. These data clearly show that the symbiotic chloroplasts are translationally active and, of even more interest, that a variety of functional algal genes have been transferred into the slug genome, as has been suggested by earlier indirect experiments. Both the chloroplast-and nuclear-encoded sequences were rare within the E. chlorotica transcriptome, suggesting that their copy numbers and synthesis rates are low, and required both a large amount of sequence data and native algal sequences to find. These results show that the symbiotic chloroplasts residing inside the host molluscan cell are maintained by an interaction of both organellar and host biochemistry directed by the presence of transferred genes.
Introduction
Certain cells lining the digestive tubules of several species of sacoglossan, opisthobranch, sea slugs are able to sequester chloroplasts from their algal food. The plastids remain intact inside the digestive cells for some length of time, depending on the species involved (Pierce and Curtis 2012) . Also, in several of these slug species, the captured plastids, often called kleptoplasts, are capable of photosynthesis, and in a few of the species, photosynthesis continues almost unabated for as long as a year in the complete absence of any contact with the algal source of the chloroplasts (Pierce and Curtis 2012) .
Most detailed information about various aspects of the mechanism of long-term maintenance of the chloroplast symbiosis has come from work on Elysia chlorotica (Gould), where the sequestered chloroplasts come from the chromophytic alga, Vaucheria litorea (C. Agardh). Once this slug sequesters the chloroplasts, it can continue to photosynthesize for 10-12 months in the absence of any algal food. Several chloroplast proteins and chlorophyll a are synthesized during that starvation period, and polymerase chain reaction (PCR) experiments have demonstrated the presence of at least 11 algal nuclear genes, all involved in photosynthesis, in E. chlorotica adult and veliger larval genomic DNA as well as in adult slug RNA (Pierce et al. 2007 (Pierce et al. , 2009 Rumpho et al. 2008 Rumpho et al. , 2009 Schwartz et al. 2010) . All of these results show that translationally competent algal nuclear genes are present in the slug and that plastid protein and pigment turnover, necessary for sustained photosynthesis, is taking place in the slug cell, supported by horizontal gene transfer (HGT) between the two multicellular species. In addition, a variety of chloroplast-encoded chloroplast proteins are also synthesized while the plastid resides inside the E. chlorotica digestive cell (Mujer et al. 1996; Green et al. 2000) . However, recent partial analyses of the transcriptomes of two other slug species, E. timida and Plakobranchus ocellatus, failed to find any transcriptome sequence reads corresponding to algal nuclear genes, which lead to the provocative conclusion that, in spite of the entire foregoing, HGT has not occurred between slug and algae and that ''sacoglossan are not, in genetic terms, what they eat'' . Perhaps not, at least in the case of the two species investigated by Wägele et al. (2011) , but several aspects of this study seem to make such a broad conclusion premature. For instance, the data set represented only a small fraction of the transcriptome. Also, the RNA came from just a few specimens and was extracted from whole animals, although only a small fraction of cells contain chloroplasts. In addition, Wägele et al. (2011) assumed that expression levels of algal genes in the slug cells would be equivalent to transcription rates in the algae even though expression levels of at least two nuclear-encoded genes for plastid-targeted proteins are much lower in E. chlorotica than in its food alga (Soule 2009 ). Thus, generalizing negative results obtained from problematical data to the rest of the species of kleptoplastic slugs, especially in the presence of the large amount of biochemical data, including PCR, and showing the presence of transferred genes, seem inappropriate.
However, another recent report failed to find any evidence for transferred algal nuclear genes in the transcriptome of E. chlorotica, although 19 chloroplast-encoded gene sequences emerged from the analysis (Pelletreau et al. 2011) . Unfortunately, while this study investigated E. chlorotica, the transcriptome sequencing yielded ,20% (14,000) of the contigs of the P. ocellatus transcriptome and was not compared with V. litorea native sequences. Thus, the lack of both sequencing depth and database voids suggests that rare transcripts could have been easily missed. Indeed, a conclusion of this analysis was that ''more exhaustive sequencing may be required'' to adequately test for the presence of transferred genes in E. chlorotica (Pelletreau et al. 2011) .
In spite of the issues with these negative studies (Pelletreau et al. 2011; Wägele et al. 2011) , both nonetheless point to the likelihood that if transferred algal nuclear genes are present in sacoglossan slugs, they will be of very low copy number, their expression will be low, and knowledge of the native algal sequence will facilitate, perhaps even be required for, the annotation. Therefore, instead of assuming that a large number of transcripts for nuclearencoded and plastid-encoded proteins would be present in the slug cell, we have hypothesized that such would be exceedingly rare in the transcriptome and have done our own analysis of E. chlorotica creating large amounts of Illuminagenerated sequence data. In addition, to facilitate an accurate annotation, we have sequenced the genome of V. litorea as well as the algal transcriptome, to provide a database of native algal transcript sequences. Our E. chlorotica transcriptome data contain a variety, albeit rare, of chloroplastencoded transcripts and, in addition, rarer still, at least 111 reads that match 52 algal nuclear-encoded sequences, including one that matches exactly an algal nuclear sequence found by PCR in E. chlorotica genomic DNA and cDNA in the earlier studies.
Materials and Methods

Animals and Algae
Specimens of E. chlorotica were collected from a salt marsh near Menemsha on Martha's Vineyard, MA, and shipped to Tampa, FL. The sea slugs were placed into aerated aquaria containing artificial seawater made from Instant Ocean salts dissolved in sterilized deionized water at 1,000 mOsm. The aquaria were kept at 10°C in a cold box equipped with fluorescent lights set on a 14:10 light-dark cycle. The slugs were starved for at least 2 months under the foregoing conditions before use in experiments.
Filaments of V. litorea used in the experiments came from a culture that has been maintained in our lab for more than 10 years. The initial filament used to establish the culture came from the same marsh that provided the slugs. The V. litorea filaments are grown in a modified F/2 enriched seawater at 250 mOsm in an incubator at 20°C, illuminated by fluorescent lights on a 14:10 lightdark cycle . Since the original culture was established from a single filament and has only grown vegetatively, the filaments used here are clonal.
Extraction of Genomic DNA from V. litorea Genomic DNA was extracted from 10 g of algal filaments using a protocol modified from Al-Samarrai and Schmid (2000) . The filaments were rinsed with fresh culture media, blotted to remove excess liquid, frozen in liquid nitrogen, and ground to a powder with a precooled mortar and pestle. Lysis buffer (40 mM Tris-acetate, 20 mM sodium acetate, 1 mM ethylenediaminetetraacetic acid, and 1% sodium dodecyl sulfate, pH 7.0) was added to the frozen algal powder and extracted for 10 min at room temperature (RT) while rotating. To facilitate the precipitation of proteins and polysaccharides, 5 M NaCl was added to each tube (2:5 v/v), the tubes were vortexed and then centrifuged at 12,000 Â g at 4°C. The supernatant was extracted with phenol/chloroform (1:1 v/v) and spun at 10,000 Â g 4°C. The aqueous phase was extracted with chloroform (1:1 v/v) and centrifuged again at 10,000 Â g 4°C. DNA was precipitated from the aqueous phase by adding isopropanol (1:1 v/v) and spun at 10,000 Â g 4°C to pellet the nucleic acids. The precipitated DNA was resuspended in lysis buffer containing 100 lg/ml RNase A (Qiagen, Valencia, CA) and rotated for 30 min at RT. Following that incubation, the DNA was run through the purification process a second time. The final precipitated DNA was washed twice with 75% ethanol, air dried, resuspended in nuclease-free water, quantified spectrophotometrically at 260 nm, and then express shipped to BGI in Hong Kong, China.
Algal Transcriptome
Two V. litorea transcriptome data sets were used in our analysis. One set was produced earlier by 454 sequencing (Schwartz et al. 2010 ) and the second set using the Illumina platform as described below. The 454 data are referred to as EST and the Illumina data as RNA-seq, hereafter.
Extraction of RNA from V. litorea Total RNA was isolated from about 1 gm of algal filaments after 5 h of exposure to light. The filaments were ground into a frozen powder as described above, RNA was extracted using the RNeasy Plant mini kit (Qiagen, Valencia, CA) following the manufacturer's instructions, quantified spectrophotometrically at 260 nm, placed on dry ice, and express shipped immediately to BGI in Hong Kong, CN.
Extraction of RNA from E. chlorotica Total RNA was isolated from .2-month starved slugs after 8 h of light exposure by homogenization in Trizol Reagent (Invitrogen, Carlsbad, CA). The homogenate was Pierce et al. · doi:10.1093/molbev/msr316 MBE centrifuged at 12,000 Â g at 4°C to remove cellular debris. The supernatant was extracted with chloroform (1:6 v/v) and centrifuged at 10,000 Â g at 4°C. RNA was precipitated from the aqueous phase by adding isopropanol (1:4 v/v) followed by 0.8 M Na 3 C 6 H 5 O 7 /1.2 M NaCl solution (1:4 v/v) and was spun at 12,000 Â g at 4°C. The RNA pellet was washed twice with 75% ethanol, air dried, and resuspended in nuclease-free water. The RNA in this final solution was quantified spectrophotometrically and express shipped to BGI in Hong Kong, CN on dry ice.
Algal Genome Sequencing and Assembly
The genome of V. litorea was sequenced (Illumina HiSeq 2,000 platform) using a whole genome shotgun strategy. To reduce bias, eight paired-end sequencing libraries were constructed, with various insert sizes (350 bp, 400 bp, 800 bp, 2 kbp, 5 kbp, 10 kbp, and 20 kbp), and sequenced.
Genome Assembly
In total, 8 Gb, or 86-fold coverage, of high-quality reads were used in the assembly. The algal genome was assembled using SOAPdenovo (Li, Zhu, et al. 2010 ) software (http://soap. genomics.org.cn), using the same procedures described for assembly of the giant Panda genome (Li, Fan, et al. 2010) .
A total of 7.9 Gb (or 85.9X) data were retained for assembly. All high-quality paired-end reads were aligned into contigs for scaffold building. This paired-end information was subsequently used to link contigs into scaffolds, step-by-step, from short insert sizes to long insert sizes. About 3.9 Gb (or 42.4X) data were used to build contigs for the algal genome, and all the high-quality data were used to build scaffolds. Some intrascaffold gaps were filled by local assembly using the reads in a read pair, where one end uniquely aligned to a contig while the other end was located within a gap. The final total contig size and N50 were 83.6 Mb and 59.6 Kb, respectively. The total scaffold size and N50 were 93.2 Mb and 333.3 Kb, respectively. More than 97% of long ESTs (.500 bp) mapped to the algal genome, which indicated the high quality of the genome in the transcribed regions.
Gene Annotation Pipeline and Evaluation of Gene Quality
Since there is only scant V. litorea sequence information in the public databases, we used both homology based and de novo methods to localize gene sequences in the algal genomic data incorporating reads from both the RNA-seq and EST data. To identify homologous genes, protein sequences from algal species that were available in NCBI (http://www.ncbi.nlm.nih.gov/), including Ectocarpus siliculosus, Phaeodactylum tricornutum, Micromonas sp., M. pusilla, Ostreococcus lucimarinus, O. tauri, and Volvox carteri, were mapped to the V. litorea genome using TBlastN (Kent 2002) . Then, homologous genome sequences were aligned against the matching proteins, using GeneWise (Birney et al. 2004) to define gene models. For de novo discovery of coding genes, AUGUSTUS (Stanke and Waack 2003) , GlimmerHMM, and SNAP were used with appropriate parameters. ESTs were mapped to the genome with BLAST and assembled to genes with PASA. RNA-seq were mapped to the genome using TopHat (http://tophat.cbcb.umd.edu/), and transcriptome-based gene structures were obtained with Cufflinks (http:// cufflinks.cbcb.umd.edu/). Finally, the homology-based de novo derived EST prediction and transcript gene sets were merged to form a comprehensive and nonredundant reference gene set using GLEAN (http://sourceforge.net/ projects/glean-gene/), removing all the genes which had only de novo method support. This procedure produced a reference set of 17,988 V. litorea genomic coding genes.
Transcriptome Sequencing and Assembly
To prepare the slug and algal transcriptomes for sequencing, poly (A) þ RNA was enriched from the total RNA of each species, sheered into fragments, and cDNA was synthesized by reverse transcription. The cDNA from each species was then sequenced using standard high throughput techniques (Illumina HiSeq2000). All high-quality reads were assembled into contigs longer than 100 bp using SOAPdenovo software (Li et al. 2010) . Contigs were linked into scaffolds by mapping reads back to contigs and combining paired-end information.
Sequence Analysis
Alignment and annotation of the E. chlorotica transcriptome sequences were done using the V. litorea coding sequence database as a reference source ( fig. 1 ) utilizing MPI BLAST 1.5.0 software (Darling et al. 2003; Lin et al. 2005) , by means of the University of South Florida's 120 node computer cluster platform consisting of dual Intel Xeon X5460 Quad Core processors each with 16 GB of memory. Briefly, the slug contigs, scaffolds, and raw reads from the transcriptome data were formatted as databases and then compared with all 17,988 V. litorea coding sequences using the BlastN algorithm (Altschul et al. 1990 ) with a cutoff of 1 Â 10 À10 . Slug transcripts with significant hits were aligned to the corresponding V. litorea reference sequence using the ClustalW2 (http://www.ebi.ac. uk/Tools/msa/clustalw2/) sequence alignment program to determine the location of the matching slug transcripts in the coding sequence. The corresponding V. litorea matching sequences were then analyzed using the BlastX algorithm (Altschul et al. 1990 ) to determine if they were nuclear-or chloroplast-encoded in origin by comparison with the V. litorea chloroplast genome database in NCBI. Last, slug transcripts matching to algal nuclear-encoded sequences were compared with the assembled slug and algal transcriptomes using BlastN to determine if the sequences were located in the contig or raw-read data sets.
Results
Chloroplast-Encoded Transcripts in E. chlorotica
Our sequencing runs of the cDNA made from the E. chlorotica transcriptome produced 98,238,204 reads, which assembled into 459,299 contigs and 378,851 scaffolds (table 1) .
Algal Nuclear Genes in Sea Slug Transcriptome · doi:10.1093/molbev/msr316 MBE Although relatively rare in number among the contigs, a functionally diverse set of chloroplast-encoded sequences were present in the E. chlorotica transcriptome (table 2) . One hundred one chloroplast-encoded protein coding genes were identified in the slug transcriptome sequence data that matched sequences in both the V. litorea EST or RNA-seq data, of which 60 were located among the contigs and the remaining 41 were present in the raw reads, and also matched sequences in the V. litorea chloroplast genome (table 2) . Transcript sequences coding for proteins in Photosystem I and II reaction centers, both subunits of RuBisCO, cytochrome, chlorophyll and ATP synthesis, and RNA polymerase were all discovered (table 2). In addition, matching transcripts associated with protein synthesis and trafficking were present in the slug and algal transcriptomes as well as the V. litorea chloroplast genome data (table 2 ). An additional 36 sequences, which mapped to a variety of ribosomal protein subunits, matched between the slug and algal transcriptomes as well as with the chloroplast genome sequences (table 2). Most of the matching sequences in the chloroplast-encoded data set were 100% identical, both between slug and algal transcripts as well as compared with the chloroplast genome, with the exceptions containing either nonassigned or miscalled bases.
Nuclear-Encoded Algal Sequences in the Slug Transcriptome
Although much less common in the transcriptome data than the chloroplast-encoded transcripts, and not present in any of the contigs, 111 sequences from the E. chlorotica transcriptome database matched V. litorea reference gene sequences, representing 52 putative nuclear-encoded V. litorea genes (table 3) . Among the 111 slug transcripts, 88 were 100% identical, 15 contained 1 bp difference, 4 contained 2 bp difference, 2 contained 3 bp differences, 1 contained 4 bp differences, and 1 contained 6 bp differences to aligned portions of the V. litorea genome coding sequences. All of the 52 V. litorea genomic coding sequences contained at least two and as many as four nonoverlapping slug transcriptome sequences ( fig. 2 and table 3 ; supplementary material online). So even though the raw reads were only 90 bp in length, the match within each V. litorea sequence was at least 180 bp to as much as 360 bp. Furthermore, in addition to matching the algal coding sequences, 106 of the E. chlorotica transcript sequences were also present in the V. litorea transcriptome (table 3) . Twenty-seven of the transcript sets matching V. litorea genomic coding sequences were homologous to genes involved in photosynthesis, carbon fixation, carbohydrate metabolism, thylakoid structure, chaperone activity, and other unique chloroplast processes. Nineteen V. litorea gene sequences were annotated as hypothetical or unknown proteins, mostly within the E. siliculosus genome data or other algal species, and the final six sequences returned no Blast hit, but all were present in the slug transcriptome, the V. litorea genomic sequences and, all but five, in the V. litorea transcriptome (table 3) .
As usual, the possibility of contamination of E. chlorotica mRNA with algal material in this kind of study is of concern, especially considering the rarity of the matching transcripts identified in these data. However, the RNA was extracted from animals that were starved for at least 2 months, to ensure that the gut was clear of any algal food. Our previous PCR-based studies with DNA or cDNA extracted from similarly starved slugs have produced negative results for nuclear-encoded, non-chloroplast-targeted sequences for V. litorea ''ITS'' regions as well as ''SPDS'' (Pierce et al. 2007 , 2009 , Schwartz et al. 2010 ). In addition, the algal nuclear sequences that were found here in the slug Algal Nuclear Genes in Sea Slug Transcriptome · doi:10.1093/molbev/msr316 MBE transcripts, corresponded mostly to chloroplast-targeted proteins involved in photosynthesis, or genes involved in protein processing and chaperone activity. If algal RNA contamination was present in the slug material, we would have likely identified highly expressed, non-photosynthesisrelated genes in the data set. But, none were found.
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Discussion
The transcriptome of E. chlorotica contains a variety of diverse, although relatively rare, transcripts not only of V. litorea, chloroplast-encoded, origin, but also of algal nuclear-encoded origin. Clearly, the symbiotic plastid genome is transcriptionally active within the host cell and is producing transcripts for a variety of chloroplast proteins. More importantly, we have detected the presence of several transcripts for nuclear-encoded algal proteins in the slug RNA. While some of the nuclear-encoded reads are for products of presently unknown function, most of the annotatable reads code for proteins involved in the sustenance of photosynthesis. Two reads, in particular, correspond to prk, which we (Schwartz et al. 2010 ) and others (Rumpho et al. 2009 ) found in slug genomic DNA and cDNA with PCR experiments. More than 60 algal nuclear-encoded genes have now been demonstrated in E. chlorotica DNA and RNA, either by PCR (Pierce et al. 2007 (Pierce et al. , 2009 Rumpho et al. 2009; Schwartz et al. 2010) or by our transcriptome sequencing reported here. Among the chloroplast-encoded transcripts in the E. chlorotica transcriptome are several that code for components of both PSI and PSII reaction centers, including D1, D2, and CP43, whose months-long synthesis by the slug had been demonstrated by immunoblot experiments (Mujer et al. 1996; Green et al. 2000) . Similarly, the presence of chloroplast-encoded transcripts for cyt F and both the large and small subunits of RuBisCO verify the long-term synthesis of those proteins within the E. chlorotica cell (Green et al. 2000) . Also similarly, the presence of transcripts for a plastid-encoded subunit of ChlI in the chlorophyll synthesis pathway confirms Algal Nuclear Genes in Sea Slug Transcriptome · doi:10.1093/molbev/msr316 Algal Nuclear Genes in Sea Slug Transcriptome · doi:10.1093/molbev/msr316 MBE the synthesis of chlorophyll a by E. chlorotica (Pierce et al. 2009 ). Of particular interest, chloroplast-encoded transcripts for a few chaperone and other protein-processing proteins were present in the slug RNA. This is the first time that any evidence for the synthesis of these kinds of chloroplast proteins has been found in a host cell, and they may provide clues to the underlying mechanisms of long-term plastid function in the foreign cytoplasm.
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Rarer than the chloroplast-encoded sequences in the E. chlorotica transcriptome were transcripts that matched V. litorea nuclear-encoded genes for chloroplast proteins. All of these transcripts matched coding sequences in the algal genome and most were present in one or both of our algal transcriptome data sets. Annotation revealed genes coding for Calvin cycle enzymes essential for the continuation of photosynthesis, like algal specific sequences for prk, which had been found by PCR previously, as well as for carbonic anhydrase, pfk and tkt. One of the V. litorea thylakoid membrane light harvesting components, lhc, as well as thf1 (thylakoid formation protein) were also present in the slug sequence data. Both of these, along with the other lhc's found previously by PCR (Pierce et al. 2007; Schwartz et al. 2010 ) are important for the longevity and maintenance of the sequestered plastid. As was the case with the chloroplast-encoded transcripts, several algal nuclear-encoded sequences for molecular chaperones or other protein-processing enzymes, including a trigger factor homologue, which is involved in protein folding, appeared in the data. One of the more interesting aspects of this intracellular symbiosis is the biochemical mechanisms that integrate the chloroplast and host cell. While mostly unknown at present, the mechanisms that prolong chloroplast survival in the slug cells may rely on proteins such as those.
Interestingly, 23 E. chlorotica transcripts that matched nuclear-encoded V. litorea sequences varied slightly from the native algal reference sequences by 1-6 bp. Nucleotide substitutions have also been observed in uroD (uroporphyrinogen decarboxylase) located in slug cDNA and gDNA in earlier studies (Pierce et al. 2009 ). These differences suggest that at least some of the transfer occurred sufficiently long ago to permit some of divergence to occur between the native algal sequences and the corresponding sequences in the sea slugs.
Several other non-chloroplast-encoded sequences in the E. chlorotica transcripts were annotated in the ''conserved-'', ''unknown-,'' or ''hypothetical protein'' categories. It is not presently possible to determine their functional significance without more sequence information. However, almost all of those listed in those categories of our data set had the E. siliculosus genome as the top BLAST species hit, indicating that they are most likely of algal origin.
Thus, a variety of algal nuclear-encoded transcripts are present in the E. chlorotica transcriptome in spite of the two earlier reports to the contrary (Pelletreau et al. 2011; Wägele et al. 2011) . Several important issues need to be considered to resolve these dramatic differences. First, different slug species were used by Wägele et al. (2011) and, except that it is indeed long standing, beyond the demonstration of photosynthesis (Wägele and Johnsen 2001) , almost nothing is known about the chloroplast symbiosis in P. ocellatus, including the algal species that donates the chloroplasts. Second, the P. ocellatus RNA was extracted from only a single specimen under undescribed conditions that may or may not have maximized the presence of transcripts for chloroplast proteins.
Third, a bit more is known about the chloroplast symbiosis in the other species, E. timida, used by Wägele et al. (2011) . Although it can last for several months, the chloroplast maintenance strategy of this species is behavioral shading of the chloroplast-residing body regions by means of the parapodia, rather than any biochemical accommodations (Rahat 1976; Rahat and Monselise 1979; Casalduero and Muniain 2008; Schmitt and Wägele 2011) . Also, while these species are fairly distant from each other phylogenetically, in both, the anatomical location of the symbiotic plastids is similar. Namely, they are mostly located in a dorsal patch, where the digestive tubules rise to just below the epithelial surface between the two thick parapodial flaps, which can be extended over the chloroplast regions, effectively shading them from light . Without some sort of biochemical replacement, continual exposure to light will cause both the thylakoid components and photopigments to degrade. Indeed, degraded chloroplasts and rapid chlorophyll loss are evident in starved E. timida and parapodial shading behavior occurs in response to light Ros 1989, 1992) . About 10% of the symbiotic plastids are replaced over a 4-day period if food is available, so E. timida seems to rely on feeding and behavioral responses to sustain a fraction of its symbiotic plastids long term and may not be an appropriate species to test for horizontally transferred algal genes. Less is known with respect to P. ocellatus, but the anatomy and similar shading behavior suggest chloroplast protection mechanisms similar to E. timida. In E. chlorotica, on the other hand, the chloroplast containing ends of the digestive tubules underlie the epithelium over the entire surface of the slug, including the parapodia, so many of the plastids are in anatomical locations where shading is not possible (http://www.seaslugforum.net/find/13756). So among the sacoglossans, more than one mechanism of plastid maintenance occurs (see also Pierce and Curtis 2012) and not all may require algal genes, as in E. chlorotica.
Fourth, Wägele et al. (2011) assumed that, as in plant cells, there would be a very large chloroplast-targeted transcript presence in the slug cells and thus, easily found. However, there is no basis for this assumption and, at least in E. chlorotica, photosynthetic gene expression is much slower than in the alga (Soule 2009 ).
Fifth, the symbiotic chloroplasts reside in only a few cells within the slugs. However, Wägele et al. (2011) extracted the RNA from the entire animal in both slug species. Thus, almost all the RNA in their analyses came from cells that do Pierce et al. · doi:10.1093/molbev/msr316 MBE not have chloroplasts and may not make transcripts for plastid proteins.
Sixth, in the case of both species, Wägele et al. (2011) examined only a small fraction of the transcriptomes and attempted to annotate them by comparison to the RefSeq database, which contains few algal sequences and none from Udoteacea, the algal taxon that seems to be the source of the symbiotic plastids. Not only did this process fail to find any algal nuclear gene-like sequences, it returned only about 6,000 BLAST hits from more than 77,000 assembled contigs from the P. ocellatus data, for example, and of those, only 79 had a top homologue hit among plants. Of some importance, 29 of these latter matched chloroplast-encoded genes, indicating some plastid genome translational activity. The remaining 50 sequences matched genes ''widely distributed among eukaryotes.'' The E. timida transcriptome analysis returned only two chloroplast-encoded gene matches . Perhaps more information would be found by comparison to data from species phylogenetically closer to the actual chloroplast sources, especially since sequence conservation between species among several of the transferred algal nuclear genes found in E. chlorotica by PCR is low and do not hit anything in the genomic data from Arabidopsis, Chlamydomonas, or Volvox (Pierce et al. 2007; Rumpho et al. 2008; Schwartz et al. 2010) . So while the conclusion that neither P. ocellatus nor E. timida contain transferred algal genes to support their symbiotic chloroplasts may ultimately be correct, more evidence in addition to that presented by Wägele et al. (2011) seems necessary to establish that.
Finally, it is clear from our results that finding rare transcripts requires a relatively large sequencing effort and identifying foreign sequences from phylogenetically distant species with little representation in the sequence databases is facilitated by knowledge of native sequence. Sweeping conclusions based on small partial transcriptome analyses can be misguided. Like the other two sacoglossan studies, our RNA came from whole animal extracts, so most of it was from cells that do not contain chloroplasts. In addition, the rarity of the transcripts in our data and the low rate of expression in the slug relative to the alga (Soule 2009; Pelletreau et al. 2011 ) suggest a low expression rate. Taken together, a low expression rate by a relatively few cells would conspire against finding the sequences in limited amounts of data obtained from small amounts of RNA extracted mostly from nonexpressing cells. Even our large amount of data (8.8 Gbp) only returned a weak coverage of a few, mostly not overlapping, 90 bp fragments that did not occur in sufficient number or variety to be formed into contigs by the software. Indeed, the much smaller (148 Mbp) E. chlorotica transcriptome data set was unsuccessful at locating transferred genes (Pelletreau et al. 2011) . No doubt, there are more transferred algal genes to be found in the E. chlorotica DNA, which will require even more sequencing.
We are presently working on E. chlorotica genome sequencing which may be the only way to get an estimate of the entire transferome. Although the initial discovery of transferred genes in the slug genome was done with PCR techniques and, as a result of the specificity of PCR, returned only a few genes (Pierce et al. 2007; Rumpho et al. 2008) , the transcriptome analysis here indicates that many algal nuclear genes have somehow arrived into the E. chlorotica genome, and it is likely that others will be found. The size of the transferome suggests the possibility that pieces of DNA, rather than single genes, on multiple occasions may be involved in the transfer and integration process, but comparative genomics may provide the important answer to that.
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